The current taxonomy of two poorly known hermit crab species Pagurus forceps H. Milne Edwards, 1836 and Pagurus comptus White, 1847 from temperate Pacific and Atlantic coastlines of South America is based only on adult morphology. Past studies have questioned the separation of these two very similar species, which occur sympatrically. We included specimens morphologically assignable to P. forceps and P. comptus in a phylogenetic analysis, along with other selected anomuran decapods, based on 16S ribosomal gene sequences. Differences between samples putatively assigned to either P. forceps and P. comptus were moderate, with sequence similarity ranging from 98.2 to 99.4% for the fragments analyzed. Our comparison of mitochondrial DNA sequences (16S rRNA) revealed diagnostic differences between the two putative species, suggesting that P. forceps and P. comptus are indeed phylogenetically close but different species, with no genetic justification to support their synonymization. The polyphyly of Pagurus is not corroborated here among the represented Atlantic species, despite obviously complex relationships among the members of the genus.
Introduction
The anomurans are one of the most morphologically and ecologically diverse groups of decapod crustaceans, including a large number of extant species such as hermit crabs. More than 800 species in 127 genera are currently reported for the superfamily Paguroidea (McLaughlin 2003) , and these inhabit diverse biotopes from intertidal to deep seas. Many more, however, appear to be undescribed. Even though explanations of evolutionary relationships at higher taxonomic levels have been attempted (McLaughlin 1983; Morrison et al. 2002) , classification and evolutionary history of the group at many taxonomic levels is far from being resolved (McLaughlin 1983; Forest 1987; Ingle 1993; Martin & Davis 2001; McLaughlin 2003; McLaughlin et al. 2007) .
The family Paguridae is highly diverse, with species widely distributed through all oceans. In recent years, new genera have been added to almost all the families of Paguroidea, but most additions have been to the Paguridae, currently comprised of 74 genera (McLaughlin 2003) . Systematic problems remain among these, as for example with the polyphyletic genus Pagurus Fabricius, 1775. Pagurus exhibits a high degree of identifications were confirmed on the basis of morphological characters from available references (Stebbing 1914; Haig 1955; Forest & Saint Laurent 1968; Boschi et al. 1992) . Genetic vouchers from which tissue subsamples were obtained were deposited in the Crustacean Collection of the Biology Department (CCDB) of the Faculty of Philosophy, Sciences and Letters of Ribeirão Preto (FFCLRP), University of São Paulo (USP) (Tab. 1).
Besides P. comptus and P. forceps, we included varied hermit crabs from the families Diogenidae and Paguridae for comparison, along with representatives of other selected anomuran groups (i.e., Porcellanidae) to more broadly root the analysis. Some comparative sequences were retrieved from GenBank (Tab. 1). 
DNA analysis
We based the analysis exclusively on a partial fragment of the 16S rDNA gene, which has shown its utility in both phylogenetic and population studies for over a decade and is a common choice for use in phylogenetic studies on decapods (see Schubart et al. 2000a; Mantelatto et al. 2007 for literature review). DNA extraction, amplification, and sequencing protocols followed Schubart et al. (2000a) with modifications as in Mantelatto et al. (2006 Mantelatto et al. ( , 2007 Mantelatto et al. ( , 2009 ) and Robles et al. (2007) . Total genomic DNA was extracted from muscle tissue of the walking legs or chelipeds. Muscle was ground and incubated for 1-12 h in 600 µl of lysis buffer at 65°C; protein was separated by addition of 200 µ l of 7.5 M ammonium acetate prior to centrifugation. DNA precipitation was effected by addition of 600 µl of cold isopropanol followed by centrifugation; the resultant pellet was washed with 70% ethanol, dried, and resuspended in 10-20 µl of TE buffer.
An approximately 600-base pair region of the 16S rRNA gene was amplified from diluted DNA by means of polymerase chain reaction (PCR) (thermal cycles: initial denaturing for 10 minutes at 94°C; annealing for 38-42 cycles: 1 minute at 94°C, 1 minute at 45-48°C, 2 minutes at 72°C; final extension of 10 minutes at 72°C) with the primers designated as follows: 16SH2 (5'-AGATAGAAACCAACCTGG-3'), 16SL2 (5'-TGCCTGTTTATCAAAAACAT-3'), and 16Sar (5'-CGCCTGTTTATCAAAAACAT-3') (for references on the primers see Schubart et al. 2000a, b) . PCR products were purified using Microcon 100 ® filters (Millipore Corp.), and sequenced with the ABI Big Dye ® Terminator Mix (PE Biosystems) in an ABI Prism 3100 Genetic Analyzer ® (Applied Biosystems automated sequencer). All sequences were confirmed by sequencing both strands. A consensus sequence for the two strands was obtained using the computational program BIOEDIT 7.0.5 (Hall 1999 (Hall , 2005 .
Sequences were edited with BIOEDIT 7.0.5 (Hall 2005) and aligned using Clustal X (Thompson et al. 1997 ) with interface to BIOEDIT with default parameters. Ambiguous regions of the alignment were removed. Sequences were submitted to prior analysis in the program MODELTEST (Posada & Crandall 1998) to find the evolutionary model that best fit the data. NJ analysis was performed using the maximumlikelihood distance correction set. Phylogenetic analyses were conducted using PAUP 4.0 beta 10 (Swofford 2003) for Neighbor Joining (NJ) analyses. A Chi-square analysis of base-frequency homogeneity was carried out to estimate whether any saturation was present in the base frequencies. The consistency of topologies was measured by the bootstrap method (1000 bootstraps), and only confidence values > 50% were reported. Nucleotide composition, substitution frequencies, and pairwise distances were calculated with PAUP 4.0 beta 10. To evaluate the range of intrageneric sequence identity found among recognized species, we compared the genetic distances between species pairs using BIOEDIT 7.05. An identity matrix showed the proportion of identical residues between all of the sequences in the alignment as they were ultimately aligned. In order to evaluate the robustness of the results of the two-step phylogenetic analysis of the data by a static alignment procedure, we carried out a dynamic analysis in software POY version 4.0 (Varón et al. 2007) , under direct optimization with parsimony as the optimality criterion (Wheeler 1996) . Trees were constructed through random addition sequence followed by a combination of branch-swapping steps (SPR "subtree pruning and regrafting" and TBR "tree bisection and reconnection"). The ratcheting procedure was used to enhance branch swapping by randomly reweighting characters during the SPR and TBR procedure. Sensitivity analysis was carried out using different cost matrices, as suggested by Wheeler (1995) . All data sets were analyzed under 10 parameter sets for a range of indels, transition and transversion ratios (Tab. 2).
Morphological data, historical synonymies, and diagnoses for both species were gathered by reviewing the descriptions in the references mentioned in the Introduction. A search was made for diagnostic morphological differences to support our molecular findings (used in Discussion only). 
Results

Taxonomic assignments
On the basis of morphology, voucher materials were assigned to species as follow, and DNA was successfully sequenced for those indicated by underlined Shield Lengths (=SL): Matrix 111 
Pagurus forceps H. Milne Edwards, 1836
Type locality: shores of Chile, probably Valparaíso (see Haig 1955 and Forest & Saint Laurent, 1968 for review) . 
Pagurus comptus White, 1847
Type locality: Falkland Islands (see Haig 1955 and Forest & Saint Laurent, 1968 
Molecular phylogeny
In the static alignment, 540 positions of the 16S rRNA gene (not including the primer regions) were aligned for 36 anomuran species, including outgroup taxa. The optimal model of nucleotide evolution, selected under the Akaike information criterion (AIC), as recommended by Posada & Buckley (2004) , was the general-time reversible model of sequence evolution (Lanave et al. 1984; Rodriguez et al. 1990 ) plus gamma distributed rate heterogeneity with a significant proportion of invariant sites (GTR + I + G), with the following parameters: assumed nucleotide frequencies A = 0.4199, C = 0.1087, G = 0.0726, T = 0.3988; proportion of invariant sites I = 0.2340; variable sites followed a gamma distribution with shape parameter = 0.4902 (tree shown in Fig. 2) . A chi-square test of homogeneity of base frequencies across taxa showed no significant difference (X 2 = 53.11, d.f. = 105, P = 0.99). The higher level of transitional substitutions in comparison with transversions indicated that the 16S rRNA sequences were not saturated.
The sequence identity rates estimated among all species of Pagurus included in the analysis ranged from 76.0-94.9% for 16S DNA (data not shown); sequence identity rates for intraspecific individuals ranged from 99.6-100% for 16S DNA. For compared populations of P. forceps to P. comptus, similarity ranged from 98.2-99.4%. Thus, the measured divergence between populations of the questionably separate species, P. forceps and P. comptus, was in accord with divergence found among other congeners at the interspecific level. Of the 10 parameter sets under which we analyzed our data using POY, the one that produced the shortest trees was that for an indels/transition/transversion ratio of 1 : 1 : 1 (parameter set 111, Tab. 2) (tree shown in Fig. 3 ). Parsimony analysis yielded one parsimonious tree of length 1412.
Overall, the two different algorithms (NJ, MP) resulted in similar tree topologies, which were mostly congruent ( Figs. 1-2) . The resulting molecular phylogeny agrees in several respects with the current morphologically based classification of the two species.
Specimens of P. forceps from which mtDNA was obtained shared the same sequence over the 541-nucleotide region of the 16S rRNA gene that was studied, except that the sequence for one of the two sequenced specimens from Punta de Tralca (CCDB 1806) differed by two transitions (positions 176 and 238) from the other. Similarly, specimens of P. comptus shared the exact mtDNA sequence except for one from the population at Puerto del Hambre (CCDB 1805), which showed one transition difference (position 286) from the other sequences. The sequences for P. comptus differed in only 6 positions (5 transitions and 1 transversion) from all sequences for populations of P. forceps.
Polyphyly of Pagurus, at least with the set of species used here from Atlantic and Pacific waters, was not corroborated in either analysis. The bootstrap values were significant, supporting both external (members of Paguridae and Diogenidae) and internal nodes. In contrast, the relationships among inner clades of Pagurus were weakly corroborated in the sensitive analysis (Fig. 3) . The species of Pagurus, representing the Paguridae, were grouped into three clades with P. mclaughlinae as the sister to remaining congeners (Fig. 1) . Clade (A) contained five Atlantic representatives along with the Pacific species P. villosus; clade (B) contained three Atlantic species among which was the type species of the genus and the eastern Atlantic and Mediterranean species P. prideaux; clade (C) included only the Pacific species P. edwardsii, along with P. comptus, and P. forceps which range across the tip of South American into both oceans.
Within the superfamily Paguroidea we found that all species representing genera of Diogenidae (Calcinus, Clibanarius, Dardanus, Paguristes, Petrochirus, Loxopagurus, and Isocheles) were clustered together as expected, in a single clade. This clade also included Coenobita compressus, the only member of the Coenobitidae represented in our analysis. 
Discussion
The present investigation, based upon analysis of a partial fragment of 16S DNA and a review of morphology, convincingly supported separation of the species P. comptus and P. forceps. While we acknowledge general phylogenetic proximity of these species, there is no genetic justification for synonymy of the two. The closest relative to the P. comptus and P. forceps group in our analysis was found to be P. edwardsii, from the eastern Pacific. The Pacific species P. villosus was placed in a clade with the Atlantic species, with which it shares several life history traits such as small size and continuous reproduction (Pardo et al. 2007 ).
In recent taxonomy of decapods, some populations that were long regarded as geographical separated morphological variants (morphs) have been assigned to full species rank on the basis of molecular results (Fratini & Vaninni 2002; Spivak & Schubart 2003; Schubart et al. 2005; Mantelatto et al. 2006) . In the present study, morphological differences between were quite evident when two morphs were compared directly, and this supports molecular findings that justify separation at the species level (Fig. 1) . In addition to differences in chelipeds, telson, and morphometric proportions of the carpus, propopus, and dactylus (Forest & Saint Laurent 1968: 140, tab . IV), color patterns of pereopods also vary in freshly captured individuals. Marking the carpus of P. forceps are a distal blue, middle white, and proximal red band, with the blue and white bands similar in width and the red band three times as wide as the others. The only two bands on the carpus of P. comptus are distal white and proximal brownish bands, of equal widths. In addition, morphological criteria adopted by Forest & Saint Laurent (1968) successfully assign specimens from the Magellan region to P. comptus and specimens from the central coast of Chile to P. forceps. Forest & Saint Laurent (1968) described some variations in P. comptus, and this likely has contributed to questionable separations of this species from P. forceps. They described typical "comptus" as having the right cheliped with a slight denticulate crest on the inner edge of the distal carpus region, the propodus with the internal contour convex and bearing a strong carina on its dorsal face, an inverse V-shaped swelling in the middle region of the propodus, and strong granulation on the carpus and propodus. However, they also remarked on a high variability in the individuals examined, mentioning that the typical "comptus" morph is an extreme form within a morphological gradient. At the other extreme of this perceived gradient, individuals are close to the "forceps" morph, with the cheliped exhibiting a strong crest in the carpus region and attenuation of the carina swelling and granulation. Forest & Saint Laurent (1968) also mentioned a high variability in the left cheliped relative to the size and sex of individuals assigned to P. comptus, especially in the curvature and length of the dactylus. Other traits, including the form of the shield, ocular peduncle, antennules, antennas, and pereopods were similar in both species (Forest & Saint Laurent 1968) . These authors did not give the exact number of individuals examined, but certainly, they inspected more than 15. All of them except one (from Montevideo) were collected in southern Chile and Argentina. Additionally, Lagerberg (1905) postulated that there was considerable intraspecific variation in P. forceps in the form of the right chelipeds and that P. comptus was a synonym of the former. A restricted collection from one biogeographical region of a species with a wide distribution cannot represent the complete range of morphological variation that is often found in decapods (Cuesta & Schubart 1998; Spivak & Schubart 2003) . We observed this intraspecific morphological variability among our set of specimens, but with only minor intraspecific molecular variability. Differences in environmental factors (abiotic and biotic) between biogeographical regions might strongly influence phenotypic plasticity in morphological traits (Brian et al. 2006) , but also might drive selection for adaptive traits which would promote speciation (Stearns 1989) . In the present study, molecular evidence supports the latter statement, as it applies to the Pacific and Atlantic distributions of both P. forceps and P. comptus. However, as suggested for other cases of similarities among decapods (see Spivak & Schubart 2003 for review), more specimens and more variable molecular markers, as well as other biological aspects (such as reproduction and population features), must be analyzed before morphological variability can simply be attributed to phenotypic plasticity.
On the other hand, size and form in hermit crabs could also be strongly affected by the morphology of the shells that they use (Blackstone 1985) . In this context, populations of P. forceps and P. comptus on the northcentral coast of Chile both preferentially use shells of Tegula spp. (Soto & George-Nascimento 1991) , while on the southern coast they prefer shells of Adenomelon and Polinices spp. (Soto et al. 1999; L.M. Pardo, unpublished) , gastropods with morphologically dissimilar shells. Exploring all possible causes of morphological plasticity is not within the scope of the present paper, but our extensive data on shell occupation lead us to suggest that differences in inhabited shells could significantly account for some variations in shapes of these hermit crabs. This is could be especially true in development of the chelipeds, which are used during shell selection and to protect the shell aperture (Garcia & Mantelatto 2001; Mantelatto & Martinelli 2001) .
Recent studies on larval development of these two species do not, as yet, provide additional separating characters to support our findings. Zoeae assigned to both P. comptus and P. forceps show extended larval development, are planktotrophic, and live in a planktonic habitat (see Bacardit 1986 and Thatje et al. 2003 for reviews and additional literature). Unfortunately, details of morphology and diagnostic characters for zoeal stages are thus far unavailable, so we cannot use these to potentially support our proposed separation. For a better understanding of the relationships between P. comptus and P. forceps and the position of the genus among Diogenidae, the zoeal stages and megalopae of both species must be thoroughly examined.
Previous phylogenetic hypotheses based on limited data have suggested that Paguristes has close affinities to Pagurus (Morrison et al. 2002) . However, Mantelatto et al. (2006) suggested instead that Paguristes is more closely allied to the remaining diogenid species. Our findings corroborated this latter assertion, and position members of Paguristes close to other diogenids.
Finally, the results presented here confirmed that some relationships of Pagurus are still unclear and that a much more complete subset of species is needed for a comprehensive examination of the evolutionary history in this genus. According to our molecular phylogeny, the genus Pagurus as currently defined is monophyletic. Our present phylogeny also suggests that the structure of Clade A should be further explored by inclusion of more taxa. In the present analyses, this clade was dominated by the western-Atlantic species P. brevidactylus, P. provenzanoi, P. leptonyx, P. criniticornis, and P. maclaughlinae, but also included the eastern-Pacific P. villosus. Also, Clade B, so far consisting of the type species P. bernhardus, along with P. prideaux, P. pollicaris, and P. exilis, must be analysed with a larger set of populations and species, considering both the intraspecific morphological variations and interspecific morphological similarities that are inherent in these taxa. Some close genetic similarities clearly exist between Atlantic and Pacific and representatives of the genus Pagurus, and taxa from throughout these regions should be included if and when morphologically and genetically based taxonomic revisions are undertaken. Future morphological and molecular systematic work will required to reveal whether our concept of the genus Pagurus can be retained as is, or whether it must be restricted in order to develop a natural classification based on monophyletic clades.
